SUMMARY
that is defined by the progressive loss of effector function and impaired memory T cell potential (Virgin et al., 2009; Speiser et al., 2014; Kahan et al., 2015; Wherry and Kurachi, 2015) . Exhausted T cells successively lose their ability to produce cytokines, including interferon-gamma (IFN-g), tumor necrosis factor (TNF), and interleukin-2 (IL-2), and exhibit impaired survival, eventually leading to the deletion of antigen-specific cells. They express multiple inhibitory receptors, including programmed cell-death 1 (PD-1), lymphocyte-activation gene 3 (Lag3), TIM-3, CTLA4, TIGIT, and 2B4, associated with functional impairments. Conversely, inhibitory receptors are required to prevent overt immune pathology due to chronic stimulation of antigen-specific T cells Virgin et al., 2009; Speiser et al., 2014; Kahan et al., 2015; Wherry and Kurachi, 2015) . For example, PD-1 binding to either PD ligand (PD-L)1 or PD-L2 facilitates the dephosphorylation of key proteins downstream of the T cell receptor (TCR), leading to the inhibition of TCR-dependent signal transduction (Keir et al., 2008) . T cell exhaustion has recently been linked to defects in cellular metabolism (Gubin et al., 2014; Staron et al., 2014; Bengsch et al., 2016; Schurich et al., 2016) , which has emerged as a major checkpoint in adaptive immune responses (Pearce et al., 2013; Wang and Green, 2012) . Indeed, compromised metabolic fitness is closely linked to the functional impairments of tumorinfiltrating T cells that frequently display an exhausted phenotype (Chang et al., 2015; Ho et al., 2015) . Recently, PD-1 signaling was shown to directly contribute to establishing the metabolic impairments of exhausted T cells (Bengsch et al., 2016) , suggesting that exhaustion is underpinned by substantial rewiring of TCR signaling-mediated metabolic processes. Several studies have demonstrated that exhausted T cells are characterized by a transcriptional program that is distinct from effector and memory T cells that arise during acute infection (Wherry et al., 2007; Doering et al., 2012; Kahan et al., 2015) .
A number of key transcription factors were identified that control the degree of exhaustion during chronic infection, including T-bet (encoded by Tbx21), Blimp-1 (encoded by Prdm1), Eomesodermin (Eomes), von Hippel-Lindau tumor suppressor (VHL), and Foxo1 Kao et al., 2011; Paley et al., 2012; Doedens et al., 2013; Staron et al., 2014) . Recently, the transcriptional regulators TCF1, BCL6, Blimp-1, and Id2 and Id3 (via binding to E2A) were found to control the regenerative and migratory capacities of exhausted T cells (He et al., 2016; Im et al., 2016; Leong et al., 2016; Utzschneider et al., 2016) . Thus, multiple transcription factors are co-opted in transcriptional modules that differ between acute and chronic infection. However, the molecular network that initiates, drives, and sustains the functional impairments of exhausted cells is incompletely known.
To further unravel the transcriptional circuits that underlie the establishment of functional and metabolic exhaustion of T cells, we here performed transcriptional profiling of antigenspecific CD8 + T cells isolated from mice infected with two different strains of lymphocytic choriomeningitis virus (LCMV) causing acute and chronic infections, respectively. We demonstrate that exhausted T cells in comparison to fully functional effector and memory T cells expressed elevated amounts of the TCR-responsive transcription factors IRF4 and BATF, which promoted the expression of multiple inhibitory receptors including PD-1, impaired effector function, and repressed anabolic metabolism. Furthermore, exhausted T cells expressed high amounts of transcription factor NFATc1, and both NFATc1 and NFATc2 were required for the TCR-dependent induction of IRF4. Genome-wide occupancy of IRF4, BATF, and NFAT was enriched at genes that constituted the exhaustion-specific gene signature. Reduction of IRF4 expression was sufficient to restore anabolic metabolism and favored the formation of TCF1-expressing memory-like antigen-specific T cells. Overall our data demonstrate that TCR-responsive transcription factors cooperatively establish T cell exhaustion while repressing memory T cell characteristics during chronic viral infection.
RESULTS

Exhausted T Cells Express Elevated Amounts of IRF4 and BATF
To identify molecular mechanisms underlying the distinct properties of exhausted T cells, we performed RNA sequencing (RNA-seq) analyses on adoptively transferred P14 TCR transgenic CD8 + T cells recognizing the LCMV glycoprotein (gp)-derived epitope gp33-41 (gp33) isolated from mice infected with two different strains of LCMV, causing either an acute (WE) or chronic (Docile) infection. In agreement with earlier reports (Doering et al., 2012; Wherry et al., 2007) , we observed pronounced differences between the transcriptional profiles of acutely stimulated and exhausted T cells. We identified 945 genes early (day 8) and 1,529 genes late (day 30) specifically up-or downregulated in chronically stimulated cells in comparison to acutely stimulated cells (>1.5-fold, <0.1 FDR). This set comprised a total of 2,050 unique ''chronic CD8 + T cell signature'' genes, of which 826 showed a differential expression of >2-fold ( Figure 1A and Table S1 ). This included several genes encoding inhibitory receptors, including Pdcd1 (PD-1), Havcr2 (TIM-3), Tigit, and others, which were strongly upregulated in exhausted T cells, as well as transcription factors known to be important for the differentiation of exhausted or memory T cells such as Prdm1 (Blimp1), Eomes, and Tcf7 (TCF1) (Figures 1B  and 1C ). In addition, our RNA-seq data revealed that exhausted T cells in comparison to acutely stimulated T cells expressed high amounts of Irf4 mRNA, encoding a transcription factor that integrates TCR signaling with cellular metabolism and clonal population expansion of effector CD8 + T cells (Man and Kallies, 2015; Man et al., 2013) . High IRF4 expression in antigen-specific CD8 + T cells in mice infected with chronic LCMV Docile as compared to mice infected with acute LCMV WE was confirmed by quantitative PCR and intracellular staining, showing that high IRF4 protein expression was established early in chronically stimulated T cells and was maintained up to at least 30 days after establishment of chronic infection ( Figures 1D and 1E ). Exhausted T cells compared to acutely stimulated T cells also expressed elevated amounts of the AP-1 transcription factor BATF ( Figures 1F and 1G ) that is required for efficient DNA binding and transcriptional activity of IRF4 in T cells (Glasmacher et al., 2012; Li et al., 2012) . Expression of both IRF4 and BATF tightly correlated with high expression of PD-1 in P14 T cells (Figures 1H and 1I) . Thus, T cell exhaustion is characterized by the elevated expression of the two TCR-responsive transcription factors IRF4 and BATF.
High Amounts of IRF4 Drive T Cell Exhaustion
To examine the role of IRF4 in T cell exhaustion, we generated mice carrying floxed Irf4 alleles on a Cd4Cre transgenic background, resulting in conditional ablation of Irf4 in all T cells. As previously reported in the setting of acute infection Yao et al., 2013) Figure S1C ). Notably, however, viral control was not affected ( Figure S1D ), suggesting that the remaining antigen-specific T cells were functionally superior compared to their wild-type (WT) counterparts.
To examine the potential link between IRF4, inhibitory receptor expression, and functionality of antigen-specific T cells in more detail, we co-transferred congenically marked WT and Irf4 +/À P14 T cells into recipient mice, which we infected with chronic LCMV Docile. Co-transfer of the cells ensured that both WT and Irf4 +/À CD8 + T cells were exposed to the same viral load and inflammation. Irf4 +/À P14 T cells expressed reduced amounts of IRF4 protein ( Figure S1E ) and were substantially impaired in their ability to undergo clonal population expansion ( Figure 2A ). However, Irf4 +/À P14 T cells secreted increased amounts of cytokines TNF, and displayed reduced expression of inhibitory receptors PD-1, Lag3, 2B4, TIGIT, and CTLA4 (Figures 2D and 2E) compared to their WT counterparts, which could be reversed by overexpression of IRF4 ( Figure S1F ). Mice that received Irf4 +/À P14 T cells showed a more pronounced drop in core body temperature ( Figure 2F ) and augmented cellular infiltration into multiple non-lymphoid organs as compared to mice harboring only WT P14 T cells ( Figure S1G) ; however, viral clearance was not improved ( Figure S1H ). Similar results were obtained from chronically infected bone marrow chimeric mice, showing impaired population expansion and reduced expression of inhibitory receptors of endogenous Irf4 +/À and Irf4
antigen-specific CD8 + T cells in comparison to their WT counterparts ( Figures S2A-S2C ). Tamoxifen-induced deletion of IRF4 from Irf4 fl/fl Cre ERT2 T cells during the chronic phase of the infection resulted in dramatic loss of antigen-specific T cells and a reduction in PD-1 expression, indicating that IRF4 was required not only for the initial expansion of antigen-specific T cells but also for maintaining their numbers and phenotype during an ongoing chronic infection ( Figure 2G ). BATF and IRF4 have been shown to cooperate in the differentiation of effector CD8 + T cells Kurachi et al., 2014) . Reduction or loss of BATF also resulted in reduced expression of multiple inhibitory receptors in gp33-specific T cells from chronically LCMV-infected bone marrow chimeric mice (Figures 2H and S2D) . Consistent with this result, Batf +/À P14 T cells isolated from chronically LCMV-infected mice showed increased production of IFN-g, but not TNF or IL-2, compared to their wild-type counterparts isolated from the same mice ( Figure S2E ). Overall, these data indicate that high amounts of IRF4 and BATF are required for the population expansion and maintenance of Shown are genes encoding inhibitory receptors, transcriptional regulators, and chemokine receptors previously implicated in T cell exhaustion (Doering et al., 2012; Kahan et al., 2015; Wherry et al., 2007 antigen-specific T cells during chronic infection, while promoting T cell exhaustion at the same time.
IRF4 Suppresses Anabolic Metabolism and Mitochondrial Function in Exhausted T Cells
Further analysis of the RNA-seq data showed that metabolic pathways were significantly enriched among chronic signature Flow cytometry data in (B) and (E) are representative and data in (C) and (D) are pooled from 2 independent experiments with 4-6 mice per group. Data in (F) are representative of 2 independent experiments, containing 3-6 mice per group, and data in (G) are representative of 2 experiments with 3-4 mice each. Data in (H) are pooled from 3 independent experiments with 3-5 mice per group. Error bars denote mean ± SEM and statistical analysis was performed using paired (H) or unpaired twotailed (all other) Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001).
genes (Figures S3A and S3B, Table S2 ). Consistent with this finding, chronically stimulated T cells showed reduced mitochondrial membrane potential and mass, exhibited increased oxygen consumption rate (OCR) utilized for ATP production, and displayed an increased proton leak (Figures 3A and 3B) , indicating decreased efficiency of coupled respiration. Chronically stimulated T cells, in particular PD-1 hi cells, showed reduced production of reactive oxygen species (ROS), a byproduct of electron transport chain-dependent respiration ( Figures 3C and 3D ) that is critical for cellular activation and for the maintenance of cytotoxic T cell proliferation and function (Sena et al., 2013; Weinberg et al., 2015) . Reducing the amount of IRF4 in chronically stimulated P14 T cells was sufficient to restore mitochondrial size and membrane potential as well as ROS production (Figures 3E and 3F) . Consistent with impaired anabolic metabolism, chronically stimulated P14 T cells in response to stimulation with IL-2 secreted less L-Lactate, an end-product of aerobic glycolysis ( Figure 3G ). In contrast, Irf4 +/À P14 T cells responding to chronic LCMV infection showed increased uptake of the glucose analog 2-NBDG, secreted elevated amounts of L-Lactate, and showed increased expression of the amino acid transporter component CD98 and the transferrin receptor CD71 ( Figure 3H ), which could be reverted by overexpression of IRF4 ( Figure S3C ). Indeed, as early +/À (Ly5.2) gp33-specific CD8 + T cells from mixed bone marrow chimeric mice infected with chronic LCMV and analyzed at day 30 p.i. Data in (A), (C), (E), and (H) are pooled from 2-4 independent experiments with 3-4 mice per group; other data are representative of 2-4 independent experiments with 3-4 mice per group. Error bars denote mean ± SEM and statistical analysis was performed using unpaired two-tailed Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001).
as day 8 during chronic infection, bulk Irf4 +/À effector CD8 + T cells showed elevated extracellular acidification rate (ECAR) and a pronounced shift in the OCR to ECAR ratio in comparison to their WT counterparts ( Figure 3I ). Similar results were obtained from endogenous Irf4 +/À gp33-specific CD8 + T cells from LCMV Docile-infected mixed bone marrow chimeric mice ( Figures 3J,  S3D , and S3E). Collectively, these data indicate that increased expression of IRF4 contributes to the suppression of glycolysis and OXPHOS in exhausted T cells.
IRF4 and NFAT Form a Positive Feedback Circuit during T Cell Exhaustion
Induction of inhibitory receptor expression is mediated by the transcription factors NFATc1 and NFATc2 (Lu et al., 2014; Martinez et al., 2015; Oestreich et al., 2008) . In line with this notion, we found that exhausted T cells expressed elevated amounts of Nfatc1 RNA, in particular the short isoform Nfatc1aA ( Figure 4A ), which is transcriptionally induced by TCR signaling and utilizes exon 1 and an intragenic 3 0 UTR . Accordingly, high amounts of NFATc1 protein were expressed together with IRF4 and BATF, whereas NFATc2 showed reduced abundance in effector CD8 + T cells from LCMV Docile in comparison to WE-infected mice ( Figure 4B ). Chromatin immunoprecipitation (ChIP) and quantitative RT-PCR showed that NFATc1 and NFATc2 binding was enriched in the promoter regions of the Irf4 and Pdcd1 loci in CD8 + T cells isolated from acutely or chronically LCMV-infected mice compared to isotype controls ( Figure 4C) . Notably, combined ablation of Nfatc1 and Nfatc2 resulted in a substantial reduction of IRF4 but not BATF in activated CD8 + T cells ( Figure 4D (legend continued on next page) of NFAT activity, expressed very little IRF4 protein and showed reduced expression of BATF ( Figure 4E ). Overall, these data indicate that NFATs are major inducers of IRF4 expression and show that elevated expression of NFAT, in particular NFATc1, contributes to the increased expression of IRF4 and BATF in chronically stimulated T cells.
IRF4 and BATF Cooperate with NFAT to Establish T Cell Exhaustion
To understand how the elevated expression of multiple TCRresponsive transcription factors contributes to the establishment of T cell exhaustion, we examined genome-wide DNA binding data for IRF4, BATF, and NFAT Kurachi et al., 2014; Martinez et al., 2015) . IRF4, BATF, and NFAT shared a large proportion of their target genes ( Figure 5A ). Binding of all three factors was significantly enriched among genes encoding transcripts that constituted the chronic signature (Figures 5B and 5C) and included genes encoding inhibitory receptors (e.g., Pdcd1, Havcr2, Ctla4), molecules involved in cellular metabolism (e.g., Hif1a, Slc2a3, Pgm2l1), mitochondrial electron transport chain complex components (e.g., Atp2c1, Atp7a, Atp10a, Ndufv2, Ndufaf2), and effector and memory T cell development (Tcf7, Foxo1, Tbx21, Prdm1) ( Figures 5D, S4A , and S4B, Table S3 ). This was in contrast to genes bound by only one or two of the transcription factors, which showed no or little enrichment among the chronic signature genes ( Figure S4C ). Genome-wide, BATF and IRF4 binding sites were enriched in close proximity to each other, while NFAT sites were enriched adjacent to both BATF and IRF4 sites ( Figure 5E ). Indeed, the IRF4 motif was found to be enriched in close proximity to the core NFAT motif, with 50% of the IRF4 motifs located in %23 bp distance to the NFAT motif ( Figure 5F ). Similar enrichment was observed for the AP-1 motif (recognized by BATF), with 50% of the IRF4 and NFAT motifs located in %20 bp distance to the AP-1 motif ( Figure S5A ), as shown for the composite intronic binding site in Tcf7 ( Figure S5B ). Overall, we detected overlapping ChIP-seq peaks (mean overlap >113 bp) at 2,185 sites, providing evidence for co-binding of all three transcription factors. The AP-1 core motif (TGAnTCA) was the most enriched motif within these regions ( Figure S5C ). Interestingly, we found that IRF4 together with BATF and NFAT itself bound to the Nfatc1 locus ( Figure 5G ), suggesting a feedback loop regulated by the activity of all three transcription factors. Indeed, Irf4 À/À CD8 + T cells showed reduced expression of NFATc1, in particular the short isoform, but not of NFATc2 ( Figure 5H ). Overall, our data indicate that NFAT, IRF4, and BATF cooperate at key genomic loci that control the transcriptional signature of exhausted T cells.
IRF4 Controls the Transcriptional Profile Associated with Exhaustion
To understand how high amounts of IRF4 drive T cell exhaustion, we performed transcriptional profiling of Irf4 +/À and WT P14
T cells at d30 after acute or chronic LCMV infection. A decrease in IRF4 dosage resulted in a loss of large parts of the transcriptional signature associated with chronic infection and was sufficient for T cells to adopt a transcriptional profile similar to the one induced after acute infection ( Figures 6A and S6A , Table S4 ).
Although some memory T cell-associated genes were upregulated in Irf4 +/À P14 T cells as early as d8 after infection, the majority of these genes were expressed at higher levels only at later time points ( Figure S6A ). Irf4 +/À P14 T cells showed reduced transcript abundance for genes encoding inhibitory receptors, including Havcr2, Tigit, Cd244, Pdcd1, Lag3, and transcriptional regulators usually expressed at high amounts in exhausted cells, including Prdm1 and Maf ( Figure 6A ). In contrast, Irf4 +/À P14
T cells upregulated multiple genes associated with memory T cell development, including Tcf7, Ccr7, Il7r, and Sell (Figure 6A) . Overall, 49% of the chronic signature genes were responsive to changes in IRF4 expression ( Figure 6B , Table  S5 ). Gene set enrichment analyses confirmed that expression of chronic signature genes was reduced, while expression of genes associated with memory T cell development was enriched in Irf4 +/À compared to WT P14 T cells responding to chronic LCMV Docile ( Figures 6C and 6D ). Consistent with our observation that Irf4 haploinsufficieny restored cellular metabolism during chronic infection, Irf4 +/À P14 T cells showed higher expression of genes involved in OXPHOS, amino acid metabolism, fatty acid oxidation, the tricarboxylic acid cycle, and mitochondrial respiratory chain complexes ( Figures 6E and 6F) . Expression of Aqp9, a gene critical for memory T cell development and strongly downregulated in exhausted T cells, was recovered in Irf4 +/À P14 T cells . Collectively, these data reveal that high amounts of IRF4 drive the transcriptional profile associated with CD8 + T cell exhaustion.
High Amounts of IRF4 Repress Memory T Cell Development
Recently, we and others have shown that a population of antigen-specific T cells during chronic infection displays a memory-like phenotype and maintains the proliferative potential of exhausted T cells (He et al., 2016; Im et al., 2016; Leong et al., of IRF4 ( Figure S5B ), we examined the differentiation of memory-like T cells during chronic infection in more detail. A much larger proportion of adoptively transferred Irf4 +/À P14 T cells expressed TCF1 and CD62L, which correlated inversely with TIM-3 expression. In addition, these cells also expressed elevated amounts of CXCR5 and IL-7R compared to WT cells ( Figures 7A-7C ). Increased proportions of memory-like Irf4 +/À P14 cells were established early and maintained throughout infection ( Figure S6B ). Although the proportion of TCF1 + cells was much increased among Irf4 +/À P14 T cells, the overall numbers of both TCF1 + and TCF1
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+/À P14 T cells were reduced due to the critical role of IRF4 in T cell population expansion ( Figure 7D ). However, the reduction was much more substantial for TCF1 À cells, indicating that IRF4 specifically promotes the differentiation of fully exhausted T cells ( Figure 7E ). To functionally test the recall capacity of chronically stimulated antigen-specific T cells expressing different amounts of IRF4, we made use of a newly developed reporter mouse that expresses green fluorescent protein (GFP) from the Irf4 locus ( Figure S6C ). Chronically LCMV Docile-infected IRF4-reporter mice expressed high amounts of GFP in CD8 + T cells positive for PD-1 and TIM-3 ( Figure 7F ). However, a small proportion (15%-20%) of PD-1 + CD8 + T cells expressed low amounts of IRF4/GFP (Figure 7F) . Notably, IRF4/GFP lo gp33 + CD8 + T cells sorted from Docile-infected IRF4-reporter mice and adoptively transferred into acutely LCMV WE-infected host mice displayed greater proliferative potential compared to their IRF4/GFP hi counterparts ( Figure 7G ). Overall, these data show that high amounts of IRF4 limit the memory potential of chronically stimulated antigen-specific T cells by directly repressing Tcf7.
DISCUSSION
The transcriptional program underlying CD8 + T cell exhaustion in response to chronic infection or tumor growth is incompletely known. Here we show that a network of TCR-dependent transcription factors consisting of IRF4, BATF, and NFATc1 was central for establishing T cell exhaustion during chronic infection. We demonstrate that IRF4 contributed to multiple aspects of T cell exhaustion, including inhibitory receptor expression, impaired cytokine secretion, and the repression of anabolic metabolism. High amounts of IRF4 also limited the development of memorylike T cells that are required for the replenishment of effector T cells in situations of persistent antigen stimulation and mediate the reinvigoration of T cells in response to checkpoint blockade. IRF4 is a TCR signaling-sensitive transcription factor, which plays essential roles in acute CD8 + T cell responses by linking anabolic metabolism with clonal population expansion and effector T cell differentiation (Man and Kallies, 2015; Man et al., 2013) . We show here that during chronic infection, IRF4 played a more complex role. While IRF4 was required for the initial expansion and subsequent maintenance of antigen-specific T cells during chronic infection, high amounts of IRF4 were central to establishing cardinal features of T cell exhaustion, including high expression of inhibitory receptors such as PD-1, TIM-3, and Lag3, altered cellular metabolism, and impaired cytokine secretion. Reducing the dosage of IRF4 resulted in decreased expression of inhibitory receptors, led to an overall increase in anabolic metabolism, and resulted in partially restored secretion of IFN-g. Expression of high amounts of IRF4 was a physiological feature of exhausted T cells that was required to limit immune pathology. Thus, IRF4 expression needs to be finely balanced to maintain the proliferative capacity of antigen-specific T cells on the one side and limit their effector function during conditions of chronic antigen exposure on the other side.
Further analyses showed that IRF4 acted together with AP-1 factor BATF and NFAT, two transcription factors previously Error bars denote mean ± SEM and statistical analysis was performed using unpaired two-tailed Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001).
implicated in promoting exhaustion and Pdcd1 transcription (Martinez et al., 2015; Oestreich et al., 2008; Quigley et al., 2010) . Together with IRF4 and BATF, the short isoform of NFATc1, known as NFATc1/aA, was upregulated in exhausted T cells, suggesting that NFATc1 and not NFATc2 is the dominant NFAT family member involved in exhaustion. This finding is in line with recent reports (Philip et al., 2017; Tirosh et al., 2016 ) that found NFATc1 was highly expressed in tumor-infiltrating T cells and played a critical role in driving cytotoxic T cell differentiation in acute infection (Klein-Hessling et al., 2017) . NFATc1 expression was also found to promote IRF4 expression in follicular helper T cells (Vaeth et al., 2016) , while in vitro experiments had shown that NFATc2 can bind to the Irf4 locus (Martinez et al., 2015) . These data are consistent with our results, which show that both NFATc1 and NFATc2 drive IRF4 expression in CD8 + T cells during acute and chronic infection. Notably, both IRF4 and BATF also contributed to NFATc1 expression. IRF4 together with BATF bound to an intragenic region of Nfatc1 and was required for the efficient expression of NFATc1/aA. Thus, together with the observation that NFATc1/aA expression is driven by its own promoter and amplified in an autoregulatory loop , our data indicate that IRF4, BATF, and NFAT participate in a self-reinforcing transcriptional circuit that establishes the transcriptional network promoting T cell exhaustion during chronic infection. Collaborative activity and co-binding of NFAT and IRF4 has been reported previously for individual target genes (Farrow et al., 2011; Hu et al., 2002; Lee et al., 2009; Rengarajan et al., 2002) . Similarly, AP-1 binding sites were found to be enriched in an NFAT ChIP-seq analysis (Martinez et al., 2015) . We found that in CD8 + T cells, IRF4, BATF, and NFAT were recruited to adjacent binding sites, and binding of all three factors was significantly enriched among the core group of genes related to exhaustion, including Pdcd1, Lag3, Havcr2, Tigit, and Ctla4. Thus, in addition to AP1-IRF4 composite elements (AICE) that play important roles in T cell biology, our data indicate that NFAT_AP-1_IRF4 composite elements (NAICE) are particularly enriched among the genes regulating CD8 + T cell exhaustion and may indeed be common among genes that play critical roles in T cell biology. Indeed, our data provide evidence that the IRF4, BATF, and NFAT transcription factor triplet directly bound and repressed the expression of Tcf7, encoding TCF1, which plays a critical role in the establishment of long-term memory T cells (Jeannet et al., 2010; Zhou et al., 2010) . TCF1 is tightly downregulated in terminally differentiated and exhausted T cells; however, its expression is preserved in memory-like T cells during chronic infection and is required to maintain their proliferative potential (He et al., 2016; Im et al., 2016; Leong et al., 2016; Utzschneider et al., 2016) . Importantly, downregulation of IRF4 was sufficient to release Tcf7 from repression, allowing the development of memory-like T cells despite persistent viremia during chronic infection. In summary, our findings reveal that the TCR-responsive transcription factors IRF4, BATF, and NFAT converge to establish the molecular characteristics of exhaustion, including the expression of inhibitory receptors. Furthermore, they act to restrain anabolic and mitochondrial metabolism, limit continued effector function, and oppose the development of memory-like cells during chronic T cell stimulation. Future studies will be required to determine how modulation of TCR-responsive transcription factors, inhibitory receptor signaling, and cellular metabolism can be combined to reverse immune dysfunction during chronic infection or cancer.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: ) were obtained by flow-cytometry sorting from C57B/6J mice infected with LCMV WE or LCMV Docile at day 8 or day 30 post infection for directly assaying in at least triplicates with equal plating density in DMEM containing 1 mM L-Ala-Gln (glutamax), 1 mM sodium pyruvate and 25 mM glucose. Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured at baseline and in response to Oligomycin, FCCP and rotenone/antimycin A according to manufacturer's protocols (Mito Stress Test Kit, Agilent) using the XF-96 Extracellular Flux Analyzer (Agilent).
To determine glucose uptake ex vivo, adoptively transferred WT and Irf4 +/À P14ab T cells or tetramer specific gp 33-41 + T cells from LCMV Docile infected host mice were incubated with 30 mM of a fluorescently labeled glucose analog (2-NBDG, Thermo Fisher Scientific) for 30 minutes in glucose-free RPMI and washed twice with PBS before staining with labeled antibodies against cell surface proteins. Mitochondrial mass was assessed by labeling with 100 nM Mitotracker Green, mitochondrial membrane potential with 200 nM of Mitotracker Orange CMTMRos, and reactive oxygen species (ROS) detected by labeling with 5 mM of CellRox DeepRed in complete media for 30 minutes at 37 C (all Thermo Fisher Scientific). Extracellular L-lactate concentration was determined ex vivo from FACS sorted WT P14 T cells from LMCV WE and LCMV Docile infected host mice, and were re-cultured overnight at equal density in complete media supplemented with recombinant human IL-2 (30 U/ml, Peprotech) before extracellular L-Lactate concentrations were determined using the Glycolysis Cell-Based Assay Kit (Cayman Chemical) according to manufacturer's protocols.
Real Time PCR analysis Total RNA was prepared from flow cytometrically purified gp33 + CD8 + T cells using an RNeasy kit (QIAGEN). The cDNA was synthesized from total RNA with random hexamers and Superscript III reverse transcriptase (Invitrogen). Real-time PCR was performed using the QuantiTect SYBR Green PCR kit (QIAGEN).
Chromatin Immunoprecipitation (ChIP) and ChIPseq analysis Effector CD8 + T cells (CD3  + CD8   +   CD44  + CD62L -shared between IRF4 and NFAT. Distance plots are centered to the middle of the anchor sequence or anchor peak as indicated. For example, for the ''IRF4 motif to NFAT motif (anchor)'' plot, we located all the NFAT core sequences (the anchors) under the composite peak. We then located the nearest IRF4 motif for each of the anchor sequence and plotted the distance from the center of the anchor to the nearest base in the nearest IRF4 motif in the plot. De novo motif discovery was performed by selecting regions bound together by IRF4, BATF and NFAT. Motif discovery analysis was performed with MEME.
Transcriptome analysis RNA sequencing reads were aligned to the GRCm38/mm10 build of the Mus musculus genome using the Subread aligner (Liao et al., 2013) . Only uniquely mapped reads were retained. Genewise counts were obtained using featureCounts (Liao et al., 2014) . Reads overlapping exons in annotation build 38.1 of NCBI RefSeq database were included. Genes were filtered from downstream analysis if they failed to achieve a CPM (counts per million mapped reads) value of at least 0.5 in at least one library. Counts were converted to log2 counts per million, quantile normalized and precision weighted with the 'voom' function of the limma package (Law et al., 2014; Ritchie et al., 2015) . A linear model was fitted to each gene, and empirical Bayes moderated t-statistics were used to assess differences in expression (Smyth, 2004) . P values from Bayes moderated t tests were adjusted to control the global false discovery rate (FDR) across all comparisons with the 'global' option of the limma package. Genes were called differentially expressed if they achieved a FDR of 0.1 or less and had an expression change of 1.5 folds or greater. The called differentially expressed genes must also have at least 8 RPKMs (reads per kilobase of exon length per million mapped reads) in one or both of the two cell types being compared. We also analyzed two public datasets downloaded from the Gene Expression Omnibus (GEO) database. Dataset GSE54215 includes Affymetrix microarray data generated from wild-type and Batf -/-effector CD8 + T cells. Data were normalized using the Robust Multi-array Average (RMA) approach. Expression analysis was carried out using limma package. Linear models were fitted to gene expression data and empirical Bayes moderated t-statistics were used to assess differential expression. A gene must have a FDR value less than 0.15 to be called a differentially expressed gene. The other public dataset included in this study is an RNA-seq dataset with GEO accession number GSE64409, which was analyzed to discover genes regulated by NFAT in CD8 + T cells. This dataset was analyzed in a similar manner as the analysis of RNA-seq data generated in this study (see above). A gene is required to have a FDR value less than 0.25 and a fold-change greater than 1.5-fold to be called NFAT-regulated gene.
The 'IRF4-responsive' gene set was the combined list of genes identified as differentially expressed between WT and Irf4 À/À OT-1 CD8 + T cells responding to high-affinity stimulation (GSE49929, Man et al., 2013) and genes differentially expressed between WT and Irf4 +/À responding to LCMV infection identified in this study.
Gene Ontology Pathway Analysis and Gene Set Tests
The Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009 ) was used to identify enriched gene ontology terms based on our differentially expressed gene sets using the functional annotation clustering tool. Gene set enrichment plots were generated with the 'barcodeplot' function in the limma package. Statistical tests of enrichment were carried out using the 'roast' method in limma with 999 rotations (Wu et al., 2010) . One-sided P values are reported.
Immunoblotting CD8 + cells were either flow-cytometry sorted from mice at indicated time points post LCMV infection or purified from naive mice and stimulated with anti-CD3 and anti-CD28 antibodies for the indicated duration. In some cases, cultures were treated with 2 mg/ml cyclosporine A (LC Laboratories) as indicated. Whole cell extracts were produced by cell lysis in RIPA buffer containing standard protease inhibitors. Proteins were resolved by denaturing SDS-PAGE and transferred onto nitrocellulose membrane. The following primary antibodies were used anti-IRF4 (M-17), anti-Actin (I-19), anti-p50 NF-kB (H-119), anti-NFATc2 (D43B1), anti-BATF (D7C5) (Cell Signaling Technology) and anti-NFATc1 (7A6) (Abcam).
QUANTIFICATION AND STATISTICAL ANALYSIS
For statistical analysis, GraphPad Prism 7.0 was used. Two-tailed unpaired or paired Student's t test was used as indicated to test for statistical significance. P-values < 0.05 were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001), p R 0.05 not significant (N.S.). Error bars denote ± SEM.
DATA AND SOFTWARE AVAILABILITY
Gene Expression Omnibus: RNA sequencing data have been deposited under accession code GSE84820.
